Objective: Flash glucose monitoring is a new glucose sensing technique that measures interstitial glucose levels for up to 14 days and does not require any calibration. The aim of this study is to evaluate the performance of the new system in Chinese patients with diabetes.
Technology Reports
The challenge of managing diabetes therapy, particularly multidose insulin, includes a lack of understanding of the daily fluctuations of glucose levels and exposure to hypoglycemic levels. HbA1c identifies a patient's risk of long-term complications, but HbA1c does not accurately reflect the underlying glucose variability or hypoglycemia. Recent research has shown that HbA1c is not a predictor of hypoglycemia, 1 with the risk of hypoglycemic episodes significantly increasing for patients both with HbA1c <7.0% (<53 mmol/mol) and >7.5% (>58 mmol/mol) compared to those in the central range of 7.0% to 7.5% (53 to 58 mmol/ mol). Continuous glucose monitors have been shown to improve measures of glucose control when reviewed by clinicians for therapy interventions. A study by Weber et al 2 of type 2 diabetes patients both with and without insulin therapy showed a high degree of hypoglycemia, particularly overnight, that was reduced after clinical consultation. In a study by Riveline et al 3 the periodic review of sensor glucose led to improved control in a group of type 1 diabetes patients. In patients with type 2 diabetes not on insulin, studies have shown improved glucose after periodic sensor use at 6 months that continued at 12 months. 4, 5 There is growing consensus in the United States and Europe that review of the complete glycemic profile is an integral to successful diabetes management. Bergenstal and colleagues 6 proposed the use of the ambulatory The FreeStyle Libre (FL; Abbott Diabetes Care, Alameda, CA) flash glucose monitoring system monitors interstitial glucose via disposable electronics and subcutaneous sensor filament adhered to the skin. The sensor is put in place by a single-use applicator, and automatically measures glucose every minute for up to 14 days without calibration by selfmonitored blood glucose. A quick wireless scan of the sensor by the reader collects the glucose and trend at that minute plus up to 8 hours of prior readings every 15 minutes. The reader includes a FreeStyle Precision strip port that allows capillary BG and ketone testing.
The FL system has been available in Europe since October 2014, supported by the performance demonstrated by Bailey and colleagues. 9 In that study, 72 participants with type 1 and type 2 diabetes wore 2 sensors to compare the measurements to capillary BG and venous YSI measurements over the 14-day study period. The FL system compared to capillary BG reference values had 86.7% of the results in the consensus error grid zone A, and the overall mean absolute relative difference (MARD) of 11.4%. The accuracy was not affected by patient characteristics or sensor production lot. The purpose of this study was to evaluate the performance of the FL system against capillary blood glucose and venous blood glucose in Chinese patients with diabetes in a multicenter, prospective study that masked the sensor and blood glucose readings during the trial.
Methods
This prospective, single-arm, masked clinical study was conducted at 3 Chinese clinical sites. The protocol and informed consent were approved by the ethics committee of each site consistent with the Declaration of Helsinki, and all subjects provided written informed consent before enrollment.
Study inclusion criteria were age at least 18 years and diagnosed type 1 or type 2 diabetes requiring insulin therapy. The insulin could be administered by pump and/or injections, and the therapy had to be stable at least 6 months prior to and throughout the study. Furthermore, participants had to read and understand Chinese, perform all study visits and tasks, and be able to follow study instructions. Exclusion criteria included known allergy to medical grade adhesive or isopropyl alcohol used to prepare the skin, pregnancy or attempting to conceive, skin lesions, scarring, redness, infection, or edema at the sensor application sites. Participants could not be enrolled in another clinical study, have donated blood recently, have a concomitant medical condition or planned procedure that could interfere or present a risk to the participant.
Study participants wore a sensor on the back of each upper arm, 1 inserted by site staff, and 1 inserted by the subject, without any over-bandage, for up to 14 days while going about normal daily activities. At least 8 capillary BG tests, using the BG meter built into the reader, were required to be performed on each day of the sensor wear. The preferred testing was upon waking, before each meal, an hour after each meal, and at bedtime. Immediately after each BG test, participants scanned the sensor with the reader to obtain a confirmation of a successful sensor scan. Both the BG and sensor readings were masked to site staff and participants, who were asked to maintain their established diabetes management plan. There was no study-prescribed manipulation of the glucose levels of the participants other than their normal meals, insulin doses and physical activities.
There were 3 scheduled in-clinic visits during the 14-day sensor wear period, where venous blood samples were collected every 15 minutes over an 8-hour period for YSI analyzer reference tests. The first in-clinic visit was between day 1 and day 3, the second between day 4 and day 9, and the third between day 10 and day 14. All 40 participants attended the first and second in-clinic visits, 36 attended the third visit, and all participants had at least a 1-day interval between in-clinic visits. Sensor scans were performed each time a venous blood sample was taken, and BG tests were performed as close to a time of venous blood sample as possible. Sensors that were dislodged before or during the second inclinic visit were replaced, while those after the second inclinic visit were not replaced. Participants were offered at least 2 meals and provided access to drinks and snacks during in-clinic visits. Of the 114 of 117 successful sensor insertion attempts, 109 sensors produced glucose readings and 108 sensors produced at least 1 paired reading.
Performance evaluation was conducted by analysis of the consensus error grid, 10 Clarke error grid, 11 continuous glucose error grid, 12 and summary difference and regression statistics between the sensor and reference measurements. The lag between the FL and YSI reference was evaluated by performing least square linear regression of the difference between the sensor glucose and YSI versus the sensor rate of change. Between-sensor precision was assessed by calculation of the coefficient of variation of the simultaneous sensor readings provided by each participant. Questionnaire responses and adverse events were tabulated. Analyses were carried out using SAS version 9.2 software (SAS Institute, Cary, NC, USA).
Results
Forty of 45 study participants were included in the sensor performance evaluation, and an additional 6 preplanned, prospectively recruited participants during the site training phase were included in the safety evaluation. Five participants withdrew consent due to time limitations to attend to study procedures. The evaluable participants had a large age range (range 23 to 72, mean 53.1, standard deviation 12.5 years), a large HbA1c range (range 5.6 to 13.4%, mean 8.6%, standard deviation 1.6%), were primarily Han Chinese with Type 2 diabetes and managed with multiple daily injections of insulin (Table 1 and  Table 2 ).
The real-time sensor glucose reading was available for 99.1% (13 578/13 701) of scans. The first glucose result was available within 1 hour 10 minutes after insertion for 108 of 109 sensors (99.1%). A total of 6696 capillary BG and 6969 venous YSI results were paired with sensor glucose results. Adherence to perform at least 8 capillary BG tests per day was high, as the median tests per day was 8.0 (mean = 7.3, SD = 1.3). Four BG reference glucose values were excluded because they were beyond the BG system's dynamic range (1.1 to 27.8 mmol/L), and 46 real-time sensor glucose readings were excluded because the sensor result was beyond the sensor's dynamic range (2.2 to 27.8 mmol/L). Of 3735 YSI data recorded, 46 (1.2%) YSI readings were excluded. Of these, 26 (56.5%) were tested after 15 minutes of IV draw, 4 (8.7%) were excluded because YSI duplicate results were greater than 4% or 0.22 mmol/L apart, and 16 (34.8%) results were incomplete for other technical reasons. The percentage of results in zone A of the consensus and Clarke error grids were 87.0% and 88.8% respectively when compared to capillary BG readings, as shown in Figure 1 . When compared to venous YSI results, the zone A percentages were 82.6% and 85.1% for the Consensus and Clarke Error Grids, respectively. For combined zones A and B of the consensus and Clarke error grids, the percentages were 99.9% and 99.5% compared to capillary BG readings, and 99.9% and 99.1% Table 3 across glucose ranges, finding accurate readings of 94.0%, 98.3%, and 94.5% for hypoglycemic, euglycemic, and hyperglycemic ranges and 96.1% overall by continuous glucose error grid analysis. There was no difference in MARD across the 3 clinical sites for either capillary BG reference (range 9.5% to 11.3%) or venous YSI reference (range 10.0% to 11.3%). Moreover, there was no effect of body mass index (BMI) on sensor performance as there was no significant relationship between BMI and MARD per subject.
Regression analysis resulted in high agreement between the sensor glucose results compared to both capillary BG and venous YSI readings, with slopes of 1.01 and 0.95, intercepts of −0.63 and −0.41 mmol/L, and correlation coefficients of .94 and .95, respectively
The mean lag time between the sensor and YSI reference was 3.1 minutes, with a 95% confidence interval of 2.5 to 4.3 minutes. The between-sensor coefficient of variation when the patients wore 2 sensors simultaneously was 8.0%.
The accuracy of the sensor was stable across the 2-week evaluation period, with no statistically-significant difference found between the first and second week of sensor wear. When compared to capillary BG, the MARD of weeks 1 and 2 were 9.2% and 11.5%, respectively. For venous YSI, the MARD of weeks 1 and 2 were 11.1% and 9.8%, respectively. For the first day, the capillary BG MARD was 11.5% (n = 755), higher than days 2-5 (MARD = 8.9%, n = 2525), but in agreement with the MARD of week 2. For participants with an in-clinic session during the first 9 hours after sensor insertion, the venous YSI MARD was 17.2% (n = 1325), higher than days 2-5 (MARD = 8.7%, n = 2564) and week 2.
The study was not intended to directly assess the wear duration, since in a real scenario only 1 sensor would be worn, which is easier to protect from dislodgement. Furthermore, there was no familiarization period to become accustomed to wear the sensor and participants had no other prior sensor wear experience. With those limitations, participants left the clinic with 80 sensors in place, which had median duration of 269.0 hours. Thirtyone sensors on 20 participants were in place for the entire 14 days. Forty-two sensors detached due to participant activity or adhesive loss, and 7 stopped early due to the sensor electronics.
After sensor insertion and sensor removal, study participants completed study-specific questionnaires to rate their experience with the system. The statements were worded such that agreement indicated a positive experience or acceptable attribute of the system and the responses were selected from strongly agree, agree, neither agree or disagree, disagree, and strongly disagree. Twelve ratings were given by 40 participants, resulting in 480 total responses, of which strongly agree or agree was indicated for 479 (99.8%) ratings. For example, all 40 respondents agreed with the statements "Applying the Sensor was less painful than a routine fingerprick," "The sensor was comfortable to wear," "This sensor did not get in the way of daily activities," and "Scanning the sensor is easier than pricking my finger." The only disagree response was for "The sensor was easy to wear due to its small size," which received the responses of 13 (32.5%) strongly agree, 26 (65%) agree, and 1 (2.5%) disagree. Pain assessments were recorded for 117 sensor insertions and participants reported no pain for 28 (23.9%) sensors, slight pain for 88 (75.2%) sensors, and mild pain for 1 (0.9%) sensor.
There were 11 adverse events reported by 8 of the 51 participants. There were no severe adverse events. Six participants experienced 9 anticipated adverse device effects that were all rated as mild (4 erythema, 3 bruising, and 2 pain). Two subjects each had an unanticipated adverse event that was not related to the device or study procedures, one that was mild and the other moderate (a fracture not related to the study device or procedures). Signs and symptoms observed on the skin at the sensor application site recorded 125 of 129 observations (96.9%) with no erythema and 100% with no edema. Two (1.6%) of the erythema observations were a slight pink color at the application site, and 1 (0.8%) produced well-defined redness.
Discussion
The FreeStyle® Libre™ flash glucose monitoring system is a novel glucose measurement device for people with diabetes and this study evaluated its performance and usability when used by patients in China. The system uses a subcutaneous sensor, which incorporates wired enzyme glucose sensing technology [13] [14] [15] [16] to monitor glucose levels in interstitial fluid. Wired enzyme technology was first introduced in the FreeStyle Navigator CGM system, 17 and has evolved to support factory calibration-not needing capillary BGs to calibrate the sensor readings. This has been achieved by producing sensor batches with extremely low variation in glucose sensitivity. The technology has demonstrated stable performance, during both storage and the sensor monitoring period. 13, 14 Therefore, no additional calibrations are needed from the time of manufacture.
The primary performance evaluation compares the sensor results to capillary BG results since these are used by patients on a day-to-day basis that the sensor is intended to replace. Second, the capillary BGs during the study reflected real-life settings and diabetes management activities during the entire 14-day period of use. As the sensor is factory-calibrated, there is no reliance on the capillary BGs for the sensor readings.
The results of this study agree very closely with the evaluation of this same sensor in the United States, 9 which had similar study methods but different patient populations, notably this trial having participants being 90% Han Chinese ethnicity. The consensus error grid zone A percentages when compared to capillary BG was 86.7% compared to 87.0% in the present study. Both studies agreed with regard to not having any discernable effect of BMI on sensor performance, unlike prior studies of earlier versions of sensors. 17 A prior study by Zhou and colleagues 18 evaluated the performance a nonwired enzyme interstitial glucose sensor in a similar Chinese population of adults with diabetes (44 of 48 with type 2 diabetes). The study established the performance in the euglycemic and hyperglycemic ranges, but was unable to confirm clinically acceptable performance in the hypoglycemic range. There were only 26 paired reference-sensor readings with the sensor value below 4.44 mmol/L, and only 57.7% of these were found within the combined Clarke error grid zones A and B, and they found only 50% of the sensor readings within 1.11 mmol/L of the venous YSI reference during hypoglycemia. In the current study, below 3.9 mmol/L there were 64 of 67 (94.0%) accurate readings by continuous error grid analysis. This suggests clinically acceptable performance of the sensor in the current study across all glucose ranges. While the results do not meet ISO15197:2013 criteria, that standard does not apply as it defines the accuracy criteria for blood glucose monitoring systems for self-testing and uses capillary blood samples tested both on a blood glucose monitoring system and a reference method. For sensorbased technologies, difference and error grid analyses are typically used to evaluate the accuracy of the system. The sensors were dislodged more than expected, however this study was intended to evaluate the accuracy performance and not intended to directly assess the wear duration. All participants had no prior sensor wear experience, and there was no familiarization period to become accustomed to wear the sensor. In a real scenario, only 1 sensor would be worn, which is easier to protect against external impact or dislodgement.
Limitations of the current study are single body site for sensor glucose measurement and limited venous reference glucose over the 14-day sensor wear period due to practical limitations of collecting blood samples and instrument location. Future studies could evaluate the sensor when applied to different body sites and in different groups, particularly children and during pregnancy. Further research should also be performed to evaluate the clinical value of the system, in terms of both long-term use and health outcome improvement but also for improved diabetes management decisions and workflow efficiency in the clinic.
Conclusions
In this prospective, multicenter study, the performance of the factory-calibrated FL flash glucose monitoring system in Chinese subjects was established by the accuracy of the sensor readings across all clinically important ranges of glucose and demonstrated to be equivalent to accuracy results in other populations. The system performed equally well for both the first and second week of the 14-day sensor wear, and was not affected by subject characteristics. The system was highly accepted by the study participants, indicating the system was easy to operate and wear. The system promises to provide valuable clinical insight to support effective diabetes management in Chinese diabetes patients.
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